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Abstract—X-ray Computed Tomography (CT) is a non-
destructive evaluation method that gains recognition in dimen-
sional metrology applications. During a CT scan, 2D radiographs
are collected that are then reconstructed to a 3D model which
allows non-destructive evaluation of the specimen and assists with
the characterisations of defects. This technology has the potential
to provide information unobtainable by other non-destructive,
non-contact techniques. There are numerous factors that can
affect the CT measurement results with varying measurement
uncertainty such as shifts and changes of x-ray focal spot,
geometrical alignment issues and environmental issues. This
study investigates the effect of physical pre and post filtration
on the resultant dimensional measurements. Here, a calibrated
specimen is used based on one of the considered designs for
the proposed ISO 10360-11 CT for dimensional measurements.
The resultant in local variations of grey values in the volume
is measured for different thicknesses of copper filtering placed
before and after the scanned specimen, and the resultant thresh-
old dependent and independent measurements are evaluated. The
results provide information that assists the selection of filtration
in order to reduce measurement error and improve dimensional
measurements, and also demonstrate that post filtration should be
considered when scanning specimens that generate large amounts
of scatter.
I. INTRODUCTION
X-ray Computed Tomography (CT) is a technology with
well-known medical applications which in recent years gains
recognition in industry with its industrial applications includ-
ing non-contact, non-destructive examinations, characterisa-
tions of materials and metrological inspections [1]–[4]. During
CT scanning, numerous 2D radiographs are collected while the
object rotates 360∘, that are then reconstructed with filtered
back projection (FBP) reconstruction algorithms to a 3D model
by converting the 2D pixels of the radiographs to volumetric
pixels called voxels [5]. The grey value of each pixel of the
radiographs is equivalent to the amount of radiation reaching
the detector after penetrating the investigated part [1], [6]. The
grey values of the reconstructed voxels represent the nature
of the materials examined, defects, assembly structures and
complex external and inaccessible internal geometric designs
such as in additive layer manufacturing (ALM) parts [4], [7].
Other applications of CT include failure analysis, research and
development (R&D) investigations and dimensional measure-
ments.
The quality of the results is affected by the operator selected
CT settings that dependent on the size, material and structure
of the examined part. The spatial resolution of the scans
depends on the voxel size and unsharpness of the images.
These factors as well as the x-ray focal spot drift, geometric
alignment of CT hardware, non-linearity of x-ray physics,
environmental factors and reconstruction settings affect the
distribution of grey values and therefore the threshold selection
that separates background from material and affects dimen-
sional measurements [1], [8]–[13]. X-ray CT machines, as any
other measuring instrument, has several influencing factors
that affect the quality of the results. In order to understand
the influence of these factors in metrology, a quantification
of measurement uncertainty is required. The reduction of
the effect of the influencing factors and the measurement
uncertainty of x-ray CT measurements can be achieved by
following the recommendations provided by VDI/VDE 2630
Part 1.4, a guide to obtain dimensional measurements through
CT [14]. Following these guidelines can reduce the uncertainty
of the measurements; however, numerous variables influencing
the CT results that were identified in the early stages of
medical applications of CT have not yet been sufficiently
resolved, such as beam hardening and scattering radiation [15].
This study investigates the effect of pre and post filtration
of radiation in dimensional measurements. This is achieved by
examining the results of CT scanning with different physical
radiation filtrations and by comparing the achieved dimen-
sional measurements to demonstrate the effect of the different
filters. In particular, the advantage of physical post filtration
is highlighted that has been previously unrecognised.
II. METHOD
Numerous research projects examine x-ray CT applications
in order to identify its limitations and explore new methods to
overcome them while a new standard on CT, ISO 10360-11,
is being developed so as to provide guidelines and procedures
that will provide accurate CT measurements. Different cali-
brated specimens are considered to accurately measure length
errors. One of the proposed designs of calibrated specimens
[16] is used in this study in order to examine the effect of
scattered radiation in measurements and how the results can be
improved with pre and post filtration of the radiation. All of the
TABLE I: Machines and Software used in this method
Machines & Software Used Name Producer
X-ray CT scanner XT H 225 LC Nikon Metrology, UK
Optical CMM scanner NEXIV VM2 Nikon Metrology, UK
CT Reconstruction software CT Pro 2.4 Nikon Metrology, UK
CT Inspection software VG Studio Max 2.2 VG GmbH, Germany
Analysis Software Matlab 2015b MathWorks, USA
Fig. 1: Design of calibrated CT specimen
scanners and software packages used in these investigations
are provided in Table I.
A. Workpiece
This metrological investigation utilises a proposed design of
a calibrated specimen with 28 drilled holes that can be used
for centre to centre measurements, independent to threshold
selection. In this investigation, this specimen was selected to
identify the influence of pre and post filtration on threshold
dependent and independent dimensional measurements.
The design of the specimen is provided in Figure 1 and
produced by the milling machines Schaublin 53 and DMG
Mori, DMU40 eVo Deckel Maho. The size of the part is
48𝑚𝑚 × 48𝑚𝑚 × 8𝑚𝑚 and the holes are 4 mm diameter.
The tolerances are provided in Table II.
B. CT scanning and reconstruction
Numerous settings have to be selected in CT scanning such
as orientation of the specimen, positioning in the scanner,
voltage, power, exposure time as well as radiation filtration.
The specimen was scanned once without any filtration, three
times with pre-filtering, six times with different combinations
TABLE II: Machining tolerances of specimen
Tolerances Type Symbol Tolerances (mm)
Diameter 0.005
Circularity 0.002
Positioning 0.005
Flatness 0.005
Parallelism 0.005
Perpendicularity 0.005
of three pre filters and four post filters and once with post-
filtering with total of 11 scans. The orientation of the part,
positioning in the scanner and voltage was constant for all of
the scans while power was slightly modified by 1 W in order
to achieve similar x-ray penetration of the part across all scans
without altering the resolution and unsharpness. The achieved
span of grey values for all of the scans is similar and the
average value was approximately 40000 ± 5000, by changing
the exposure time as required. The specific settings per scan
are provided in Table III. The name of the scan demonstrates
the selection of pre and post filters, the first number indicates
the thickness of pRe filter and the second number indicates
the thickness of the poSt filter. The orientation of the part was
approximately 45∘ while the achieved voxel size is 32.5𝜇m
and unsharpness is 33𝜇m ± 0.24𝜇m.
The scans were reconstructed to a 3D model with the
same settings with no beam hardening and noise reduction
algorithms in order to demonstrate the effect of pre and post
filtration. The reconstructed 3D data was exported as 2D
DICOM images that were imported into VG Studio Max 2.2
and MATLAB for further analysis and measurements. The
positioning of the 3D model in the volume was not altered
with any post-scanning alignment to ensure the original voxel
structure of the reconstruction.
C. Measurements
The 2D DICOM images were imported in MATLAB and
3D matrix was produced reconstructing them to a 3D model.
The corners of the specimen were identified based on the
positioning of the specimen in the matrix volume by using
a threshold identified based on Otsu method [17]. The corners
were then used to place 3D lines in the matrix and the grey
values on these lines were used to demonstrate the variations
of grey values between material and background in histograms
to examine the effect of the filtration on the grey values.
The variation of the grey values within the sample and
background was calculated as the difference of maximum
and minimum values by utilising Otsu threshold method to
separate them. The distribution of grey values was examined
by visualising the data in box and whiskers diagrams that
demonstrate the median and four standard deviations of the
data. The histograms of the grey values are heavily skewed and
this method demonstrates an overview of the distribution. The
outliers were removed from the diagrams in order to highlight
the distinctions of distributions achieved by utilising different
filtrations and their average was calculated and provided.
Systematic measurement errors can be reduced from 1%
to 0.2% with nominal/actual comparison between the scanned
data and reference measurement [18]. The threshold dependent
and independent measurements are examined to demonstrate
the effect the different combinations of filtration. The voxel
size is the same for all of the scans since the specimen
remained in the same position for all of the scans, the x-ray
spot size and unsharpness was similar to the voxel size for all
the scans due to the consistent power selection.
TABLE III: CT settings of each experiment. RxSx where R is the level of pRe filtration and S is the level of poSt filtration.
Scan V (keV) P (W) Exp. Time (s) Pre-filter (mm) Post-filter (mm)
R0S0 210 8 1.00 No filter No filter
R1S0 210 7 1.42 0.15 No filter
R2S0 210 7 1.00 0.35 No filter
R3S0 210 8 2.00 0.50 No filter
R1S1 210 7 1.42 0.15 0.125
R1S4 210 7 2.00 0.15 1.000
R2S1 210 7 1.00 0.35 0.125
R2S3 210 7 1.42 0.35 0.500
R3S1 210 8 1.00 0.50 0.125
R3S2 210 8 1.42 0.50 0.250
R0S4 210 8 1.42 No filter 1.000
III. RESULTS
The results of this investigation are separated in two sec-
tions; the examination of the effect of pre and post physical
filtration on the grey values and its influence on CT measure-
ments. The examination of the effect of different combinations
of filtrations was achieved by examining the grey values of the
material or background at specific positions. Three different
lines are considered in this investigation from different angles,
line (a) passes diagonally through the sample and through
five holes, line (b) passes horizontally from the middle of
the specimen and through five holes and line (c) passes
horizontally at lower set of holes through three holes, the
positions of the lines are demonstrated in Figure 2. The grey
values of each point of the lines are demonstrated in the graphs
that show their variations through material and background;
material is represented by higher grey values while background
has lower values. The ideal values of background are close to
zero with minimum variations while the opposite conditions
demonstrate scattered radiation.
The results of different combinations of physical filtration
are shown in Figure 2. Scan R0S0 demonstrates greater grey
values in the edges of the part indicating beam hardening
and greater variations of grey values in the rest of the line
indicating scattered radiation. Pre-filtration of the radiation
improves both issues with significant change achieved with
0.5 mm copper while less filtration reduces the issue but does
not eliminate it. The combination of pre and post filtration
eliminates variations at the edges and reduces variations in
the rest of the line with different combinations achieving
different grey values and variances between material and
background. Scans R1S4 and R3S2 give similar grey values
and difference between material and background even though
different combinations of filtration were used. Scan R1S1 with
minimum pre and post filtering delivers greater difference
between material and background but with greater variations
of grey values in the middle of the line. The last row of
graphs in Figure 2 demonstrates the results achieved with pre-
filtering, Scan R2S0, pre and post filtering, Scan R2S3 and
post filtering, Scan R0S4. The grey values of Scan R2S3 have
small difference of 10 000 grey values separating the material
from the background but the variations of grey values in the
matter and background are smaller.
TABLE IV: Calculated range of grey values in background
and matter
Scan Gr. Values Range
Background Material
R0S0 21982 13531
R1S0 15709 13366
R2S0 11273 13092
R3S0 8844 9770
R1S1 11424 11280
R1S4 9485 9817
R2S1 9552 9558
R2S3 8489 6237
R3S1 8961 8909
R3S2 9662 8311
R0S4 8510 7125
The fluctuations of the grey values were examined further
by calculating by the difference of maximum and minimum
grey values for both background and matter, the results are
provided in Table IV. The reduction of range of the grey values
in the grey values of the material demonstrates reduction
of variations. The results demonstrate that the thickest pre
filtration in scan R3S0 reduces variations as well as all of the
combinations of pre and post filtrations except in R1S1 where
minimum pre and post filtrations were used and the best results
were achieved in R2S3. The fluctuations of the grey values
of the background indicate noise and scatter radiation and
the results of this examination indicate a significant reduction
of the grey values range when filtration is utilised. The
combination of thicker pre and post filters indicate reduction of
scattered radiation and the best results are achieved in R2S3.
Dimensional measurements of threshold dependent and
independent distances were evaluated by using VG Studio
Max 2.2 by fitting cylinders in the holes after using ISO50
threshold selection method that utilises the average grey value
of background and material to identify and separate them.
The cylinders were placed using least squared method and
three diameters were used to identify and demonstrate the
influence of filtration to the measurements error calculated
by the optical CMS measurements, Figure 3. The cylinders
were also used to measure three centre-to-centre distances and
the results of the measurement error are presented in Figure
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Fig. 2: The graphs demonstrate the histograms for lines (a), (b) and (c) of the resultant grey values for different combinations
of physical filtering. (d), (e) and (f) demonstrate the resultant grey values for no filtering and three different pre-filtering. (g),
(h) and (i) show the results of pre & post filtering and (j), (k) and (l) demonstrate the results of R2S0, R2S3 and R0S4.
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Fig. 3: The threshold dependent measurements examined were the diameter of the highlighet holes in (b).
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Fig. 4: The threshold independent measurements examined were the distances between holes centres as highlighet in (b)
4. Physical filtration of radiation reduces the measurement
error significantly for threshold dependent distances such as
diameters with the best results achieved with combinations of
pre and post filtration. The results of threshold independent
measurements demonstrate a greater measurement error for
scans with no filtration and radiation pre-filtration only while
the measurement error is reduced by utilising a combination
of pre and post filtration or post-filtration of radiation.
IV. CONCLUSION
X-ray CT is emerging in dimensional metrology after es-
tablishing applications in non-destructive evaluations. CT can
provide information about examined parts that are otherwise
unreachable by visualising the internal structure and allow-
ing inspection and quantitative analysis. The limitations of
this technology influence the measurement uncertainty that is
required in any measurement. The factors that influence the
uncertainty of the measurements include the nature of poly-
chromatic x-rays and x-ray spot size, the geometric alignment
of the CT system, the reconstruction algorithms used to create
the volume and environmental influences such as temperature.
This investigation examines the effect of the combination of
pre and post physical filtration in order improve dimensional
measurements.
The results of this study demonstrate that the combination
of pre and post filtration of radiation provides less variations
between grey values of the same matter, indicating reduction of
scattering and beam hardening. Scattered radiation and beam
hardening cause streaks, inhomogeneities, cupping artefacts
and loss of contrast in CT and influences negatively on
dimensional measurements due to causing blurred edges and
shadowing which reduce the effectiveness of the threshold
selection when using threshold methods such as Otsu threshold
method. These issues can also lead to incorrect readings and
obscure cracks and voids [19]. The result of these issues
is random and its intensity distribution is low background
signal that reduces the contrast and signal to noise ratio
[6]. There are numerous techniques to reduce these effects;
either suppress scattered radiation in the scanning process
or correct scatter related artefacts in post-processing. Both
suppression and correction techniques are used in medical
and industrial applications with suppression techniques able
to reduce scattered radiation but unable to eliminate scattered
related artefacts and correction techniques, requiring longer
computations [19].
The range of grey values within material is dramatically
reduced with the utilisation of filtration that demonstrates
significant reduction of beam hardening. The combination of
pre and post filtrations also reduces the difference of grey
values between matter and background and as a result the
contrast is affected and similar grey values are difficult to be
manually distinct and analysed. However, automatic selection
of threshold of grey values uses the mean of grey values
distribution to separate background and material and it is
not affected by the individual grey values. The reduction of
variation of grey values and automatic selection of threshold
can provide the required results and reduction of measurement
uncertainty in single material scans but manual selection of
grey values would be required in multi-material scans. A pre-
cise threshold selection of grey values leads to accurate results
for both threshold dependent and independent measurements.
Consequently, the results indicate the positive influence of
utilising a combination of pre and post filtration.
The measurement error of threshold dependent measure-
ments is dramatically improved with any filtration while the
best results are achieved with a combination of pre and post
filtration of radiation. Similar results were achieved with post
filtration of radiation and that is contributed to the removal
of the low energy radiation. The results of measurement
error of threshold independent measurements demonstrate
similar results with the threshold dependent measurements
with best results achieved with a combination of pre and post
filtration and similar results achieved with post filtration of
radiation. Finally, the results demonstrate that further potential
improvement can be achieved with the combination of pre
and post filtration of radiation, although further examinations
and observations are required in order to achieve the optimum
selection of different filters for different materials and sizes of
specimens.
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